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Metal matrix composites (MMCs) have become attractive for structural engineering applications due to
their excellent speciﬁc strength and are becoming an alternative to the conventional materials partic-
ularly in the automotive, aerospace and defence industries. The present work aims to synthesize and
characterize the AleNi50Ti50 composites using microwave sintering technique with various weight
fractions of reinforced particles. Ni-based metallic glass (Ni50Ti50) powders were prepared by mechanical
alloying. The microstructure and mechanical properties of AleNi50Ti50 composites were examined by X-
ray diffraction (XRD), scanning electron microscopy (SEM), Vickers hardness and compression testing.
The results show that the maximum average hardness value of 116 ± 5 Hv was measured for Ale20 wt%
Ni50Ti50 composite. The average compression strength of the composites was increased by 211%
compared to pure Al.
© 2016 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Particulate reinforced metal matrix composites (MMCs) have
been widely used in aerospace and automobile industries due to
their promising properties such as low cost, light weight, ease of
fabrication, enhanced mechanical properties at high temperature
and higher strength to weight ratios [1e6]. Generally, ceramic par-
ticles such as SiC, Al2O3 and B4C having high strength, high elastic
modulus, wear and fatigue resistance are incorporated in Aluminum
matrix to fabricate particulate composites [7e9]. However, the
major problems in synthesizing aluminummetal matrix composites
(AMMCs) are the reduced ductility, inhomogeneous distribution of
the reinforcements residual porosity at the interface and formation
of brittle phases resulting from chemical reactions during fabrica-
tion process [10]. Due to these disadvantages the use of MMCs has
been restricted inmany applications. It is widely recognized that the
mechanical properties of MMCs can be controlled by the size and
volume fraction of the reinforcements as well as the nature of the
matrix reinforcements interface bonding strength [1]..
onal University, Hanoi.
y Elsevier B.V. on behalf of VietnamOne of the methods to overcome these problems is to reinforce
the matrix with alternative reinforcements that not only possess
the advantages of ceramic reinforcements but can also overcome
the existing drawbacks. In this context, metallic amorphous alloys
or bulk metallic glasses are a promising option. Metallic glasses
have been recently proposed as a novel type of reinforcement in
metal matrix composites, able to overcome the disadvantages of
conventional ceramic reinforcing particles [11e16].
Aluminum metal matrix composites are one of the most
demanding engineering materials in the category of metal matrix
composites (MMCs) due to the combination of their light weight
and excellent mechanical and tribological properties. These com-
posites have been widely used for structural and functional appli-
cations in automotive and aerospace industries [17e19]. The
optimum properties of AMMCs depend on good selection of the
reinforcing particles and the processing technique/parameters.
In the recent years, some modern processing techniques have
been in use to sinter Al-based composites such as laser [20], spark
plasma and microwave sintering [21e24]. In case of Al-MMCs syn-
thesized by microwave sintering it offers many advantages [25]. It is
a rapid sintering technique which employs two directional heating
through a combined action of microwaves and microwave coupled
external heating source. By using microwave sintering technique,
the melting temperatures of light metals like Al, Mg can be achieved
in a relatively shorter period of time. Because of the acceleratedNational University, Hanoi. This is an open access article under the CC BY license
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uniform microstructure and higher density. Therefore, the concur-
rent use of time and energy saving makes microwave sintering a
better technique to produce ﬁne composite products.
A study of available open literature shows that the in-
vestigations on amorphous alloys incorporation in Al-matrices are
still in the early stage and as only limited studies have been suc-
cessfully carried out so far [22,26,27]. In this work, Ni50Ti50 amor-
phous alloys powders synthesized via milling process were
incorporated into pure Al matrix using the blend-press-sintering
process. The structure and mechanical properties of the micro-
wave sintered Al-composites were also investigated.
2. Experimental procedures
2.1. Materials
Aluminum (99.5% purity, 7e10 mm average particle size), nickel
(99.5% purity, 145 mm average particle size) and titanium (99.5%
purity, 110 mm average particle size) powders were purchased from
Alfa Aesar, were used as starting materials in this study.
2.2. Preparation of amorphous reinforcements
Amorphous powder with composition Ni50Ti50 (at.%) were ﬁrst
ball-milled using a Retsch PM 200 planetary ball mill for 55 h. The
ball to powder ratio was maintained at 5:1. The balls and vials are
made of tungsten carbide. The rotating speed of the vial wasFig. 1. Process ﬂow chart for pr
Table 1
Chemical compositions of the staring powders in this study.
S. no. Materials Al (wt%) Ni50Ti50 (wt%)
1 Pure Al 100 00
2 Al-5wt%Ni50Ti50 95 5
3 Al-10wt%Ni50Ti50 90 10
4 Al-15wt%Ni50Ti50 85 15
5 Al-20wt%Ni50Ti50 80 20maintained at 300 rpm. The structural analysis of the amorphous
powder was conducted using X-ray diffraction and scanning elec-
tron microscope.
2.3. Preparation of Al-composites
To produce Al composites, elemental Al powder was mixed with
different weight fractions of Ni50Ti50 amorphous powder (5, 10, 15
and 20 wt%) as the test materials with the chemical compositions
shown in Table. 1. All the mixed powders were placed in planetary
ball mill at 200 rpm for 1hr. No balls were used in this stage. The
blended powders (~2.0 g) were then compacted into cylindrical
pellets by applying uniaxial pressure of 10 MPa. The compacted
pellets were then sintered at 550 C for 30min. The entire synthesis
process is schematically represented by the ﬂowchart in Fig. 1.
Microwave sintering was carried out in a microwave furnace
with a silicon carbide ceramic crucible and alumina insulation in it
(VB Ceramic Consultants, Chennai, India). The green samples were
placed in the center of the cavity and sintered in a microwave
furnace (multimode cavity) at 2.45 GHz. SiC was selected as a mi-
crowave susceptor to assist heating and sintering of the green
samples. The sintering temperature was set at 550 C± 5 C with a
holding time of 30 min and an approximate heating rate of 25 C/
min. The sintered samples were then slowly cooled down to room
temperature. The temperature was measured using infrared
pyrometer.
2.4. Characterization
The phase identiﬁcation of the amorphous powders and pre-
pared Al-composites was examined using a panalytical X'pert Pro
diffractometer with CuKa radiation (l ¼ 0.15406 nm). The XRD
patterns were recorded in the 2q range of 30e90 with step size of
0.02 and a scanning rate of 1.5 degs./min. The microstructural
characterization of the sintered composites were examined using
scanning electron microscopy (SEM, Jeol Neoscope JSM 6000). The
microhardness values of the samples, was measured using a Vickeroduction of Al-composites.
Fig. 2. XRD patterns of Ni50Ti50 amorphous alloy powder at 15 h and 55 h. Fig. 4. XRD patterns of the microwave sintered (a) pure Al, (b) Al-5wt%Ni50Ti50, (c) Al-
10wt%Ni50Ti50 (d) Al-15wt%Ni50Ti50 and (e) Al-20wt%Ni50Ti50.
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15 s), are the average of at least ﬁve successive indentations for
each sample. Universal testing machine-Lloyd 50 kN at a strain
rate 104/sec was used to measure the compressive properties of
the cylindrical samples with diameter of 10 mm and height of
3 mm.Fig. 5. SEM micrographs of (a) pure Al, (b) Al-10wt%Ni50Ti50 (c) Al-15wt%Ni50Ti50 and
(d) Al-20wt%Ni50Ti50.3. Results and discussion
Fig. 2 shows the X-ray diffraction patterns of Ni50Ti50 powders
milled for various milling times (15 and 55 h). The characteristic
elemental peaks of Ni and Ti peaks with high intensity observed in
the raw materials were seen to gradually transform to amorphous
halo. The diffused halo characteristics observed in the XRD pattern
is typical of the amorphous structure which conﬁrmed the amor-
phous state of the blended powders that was observed after 55 h
[28] of milling.
The morphologies of the as-received Ni, Ti and ball milled
Ni50Ti50 powders are shown in Fig. 3 (a, b and c, respectively). The
nickel powder (Fig. 3a) consists planar (with sharp corners) and
irregular shaped particles ranging between 100 and 140 mm. Fig. 3b
shows spherical shaped Ti particles with average particle size of
30e100 mm. Fig. 3c reveals that the ball-milled Ni50Ti50 powder
particles are mostly rounded and have regular size raging betweenFig. 3. The microstructural characteristics of the as-received Ni, Ti and the ball-milled
Ni50Ti50 powder (aec). (d) Typical EDX spectra for Ni50Ti50 amorphous powder.70 mm and 130 mm, which is relatively lower than particle sizes of
the as received Ni (149 mm) and Ti (110 mm) powders.
The phases identiﬁcation of the microwave sintered pure Al and
AleNi50Ti50 composites is shown in Fig. 4. It can be observed that all
peaks corresponds to Al and Ni50Ti50 phases due to shorter sin-
tering time. Phase identiﬁcation indicates the presence of f.c.cAl
peaks, and absence of any secondary phase. The peaks at 2q values
of 38.971, 45.764, 65.594, 78.931 and 83.177 correspond to Al
(JCPDS # 04-0787) with miller indices of (111), (200), (220), (300),
(311) and (222), respectively.
Fig. 5 represents the microstructures of the Al-composites
containing 5, 15 and 20% weight ratio of Ni50Ti50. Microstructural
observations showed that the amorphous particles are distributed
throughout the aluminum matrix and the primary aluminum ma-
trix is indicated by the patches of roughmatrix. The matrix phase is
shown as dark phase, while the amorphous particles phase is white.
Furthermore, no growth of particles was observed, particularly near
their grain boundaries, at which the heat-affected zone is the
greatest during the MWS process. It is clear from Fig. 5d that the
ﬁne microstructure with uniform distribution of reinforcement. It
seems that the application of microwaves between aluminum
particles accompanied by the removal of the surface oxides layer on
the initial powder as advantage of microwave sintering lead to
pore-free microstructure.
Fig. 6. Bar graph of microhardness of AleNi50Ti50 composites as a function of Ni50Ti50.
Fig. 8. The fracture morphology of (a) pure Al, (b) Al-10wt%Ni50Ti50 and (c) Al-20wt%
Ni50Ti50.
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aluminum matrix with the addition of Ni50Ti50 amorphous partic-
ulates, as are shown in Fig. 6 and Table 2. The increase in micro-
hardness of the aluminum metal matrix with the addition of
Ni50Ti50 reinforcements can be attributed primarily to the: (i)
presence of harder amorphous powder reinforcement in thematrix
and (ii) higher constraint to the localizedmatrix deformation due to
the presence of harder phases. These results are consistent with the
trend observed by other investigators [28].
In attempt to evaluate the mechanical properties of the com-
posites, compression test was conducted at room temperature
under uniaxial compressive loading and the stressestrain curves
are shown in Fig. 7. Obviously, the compressive strength value of
AleNi50Ti50 composite is signiﬁcantly higher than that of the pureTable 2
Mechanical properties of Ni50Ti50 amorphous alloy particle reinforced Al-
composites.
Materials Microhardness (HV) Compressive properties
0.2% CYS (MPa) UCS (MPa)
Pure Al 32 ± 2 63 ± 2 243 ± 5
Al-5wt%Ni50Ti50 61 ± 3 83 ± 4 355 ± 3
Al-10wt%Ni50Ti50 73 ± 8 97 ± 7 415 ± 6
Al-15wt%Ni50Ti50 95 ± 1 115 ± 3 525 ± 8
Al-20wt%Ni50Ti50 116 ± 5 134 ± 9 589 ± 2
Fig. 7. Compression curves of the pure Al and composite materials.Al, suggesting that the Ni50Ti50 particle can strongly enhance the
mechanical strength of the Al matrix. Particular, Al-20 wt% Ni50Ti50
composite exhibits high compressive yield strength about
134 ± 9 MPa.
The fractographic morphologies of the pure Al and its compos-
ites under compressive loading is presented in Fig. 8 (aec). It is
clearly showing shear mode fracture in both pure Al and its com-
posites. It attributes to the compressive deformation of the devel-
oped Al-composites is considerably indifferent. We have noticed
that the shear mode fractures were less in pure Al compared to its
composites. The Al dimples on the Ni50Ti50 surfaces (Fig. 8b)
showed that a good interfacial bonding strength existed between
the Ni50Ti50 and the Al matrix. The Al dimples at their bottoms
indicated that the bonding between the Ni and the Al matrix was in
good condition. The fracture morphology of AleNi50Ti50 compos-
ites produced by microwave sintering method is similar to that of
the NiTip/6061Al material produced by the friction stir processing
created by Ni et al. [29].4. Conclusions
The Ni50Ti50 metallic glass particles were prepared by ball
milling. XRD investigations have revealed that the studied powders
after 55 h of ball milling were amorphous. Ni50Ti50 metallic glass
particles reinforced Al-metal matrix composites were successfully
synthesized by microwave sintering method. Microstructural
characterization results showed the homogeneous distribution of
amorphous particles with small porosity at some locations. The
composite with 20% amorphous particle content exhibited the
better microhardness (116 ± 5 Hv) and compressive yield strength
(134 ± 9 MPa). Microwave heating can produce Al/Ni50Ti50 com-
posites by with saving energy and time.Acknowledgment
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